Introduction
============

Cancer is a group of diseases that cause cells in the body to change and grow out of control, which results from defects in genes, such as mutations, deletions, and chromosomal abnormalities.[@b1-ijn-12-6503]--[@b3-ijn-12-6503] Breast cancer is the most common malignant disease that occurs in women world-wide, with 522,000 breast cancer-related deaths in 2012 and 1.67 million new cases being diagnosed every year.[@b4-ijn-12-6503] Breast cancer is typically detected either during a screening examination, before symptoms have developed, or after a woman notices a lump. According to the American Cancer Society, 231,840 new cases of invasive breast cancer as well as an estimated 60,290 additional cases of in situ breast cancer were diagnosed among women in 2015, and 40,290 women are expected to die from the disease.[@b5-ijn-12-6503] Chemotherapy seems to be an effective treatment to eliminate cancer cells. Among many cancer chemotherapeutic strategies, platinum-based drugs, nitrogen mustards, and drugs like temozolomide are the most frequently used.[@b6-ijn-12-6503] However, because DNA alkylating agents produce toxic side effects, the platinum-based drugs, such as cisplatin, are used instead for the treatment of many types of cancers.

For several years, targeted cancer therapy has been considered to be among the most promising developments for obtaining high therapeutic effects with negligible toxicity.[@b7-ijn-12-6503] One of the vital strategies to increase the efficacy of conventional chemotherapeutic and molecular-targeted drugs or nanotherapy is by combining two low doses of potential therapeutic agents, such as histone deacetylase (HDAC) inhibitors (HDACIs) and nanoparticles (NPs).[@b7-ijn-12-6503],[@b8-ijn-12-6503] Recent preclinical studies have reported HDACIs to be potential therapeutic agents for killing cancer cells, owing to their broad anticancer potency and low toxicity. Combinatorial therapy plays a major role in minimizing drug resistance, undesired side effects, and chemoresistance, which are critical problems in cancer therapy.[@b9-ijn-12-6503] HDACIs have the capacity to kill cancer cells through various mechanistic approaches, such as by controlling the transcription and regulation of genes involved in the cell cycle, cell proliferation, cell survival, and DNA repair, and by inducing the expression of pro-apoptotic proteins. NPs, on the other hand, kill cancer cells by elevating oxidative stress, collapsing the mitochondrial membrane potential (MMP; ΔΨ~m~), and increasing pro-apoptotic gene expression and DNA fragmentation.[@b8-ijn-12-6503] HDACs regulate the acetylation of a variety of histone and non-histone proteins, thereby controlling the transcription and regulation of genes involved in cell cycle control, proliferation, survival, DNA repair, and differentiation.[@b10-ijn-12-6503] Preclinical evidence has shown that adding HDAC as a target to a diverse range of standard chemotherapeutic agents leads to the synergistic induction of cancer cell death, demonstrating the utility of a multitargeted approach involving HDAC modulation in the treatment of cancer. Therefore, targeting HDAC activity through the use of HDACIs has become a novel and alternative therapeutic strategy for cancer.[@b11-ijn-12-6503] Histone acetylation and deacetylation are critical in biological processes as they regulate the modification of chromatin structures and are hence important for gene regulation.[@b12-ijn-12-6503]

HDAC6 is especially well suited for specific inhibition, owing to its unique domain structure and mode of action, and has been suggested to provide an exceptionally suitable target for cancer therapy.[@b13-ijn-12-6503] Rosik et al[@b13-ijn-12-6503] evaluated the efficacy of three different HDAC6-specific inhibitors (viz., tubacin, tubastatin A \[TUB-A\], and ST-80) in urothelial carcinoma cells. HDACIs are able to reduce cell survival in human breast cancer cells by remodeling human epidermal growth factor receptor 2 (HER2) promoters and HER2 expression,[@b14-ijn-12-6503] and they can induce mitochondrial reactive oxygen species (ROS) production.[@b15-ijn-12-6503] These inhibitors have, therefore, been found to be effective as anticancer agents, at least for some types of cancers like cutaneous T-cell lymphoma, by promoting the expression of tumor suppressor genes and inducing cell differentiation, growth arrest, and/or apoptosis.[@b16-ijn-12-6503]--[@b18-ijn-12-6503]

To overcome off-target effects, onset of drug resistance, and cancer recurrences from chemotherapeutic agents, as well as poor drug solubility and low bioavailability, the use of NPs as cytotoxic or delivery agents seems to be an alternative and viable technology; NPs are thus emerging as a class of therapeutics for cancer. Clinical studies suggest that NPs show enhanced efficacy and minimal side effects as a result of their more targeted localization in tumors and active cellular uptake.[@b19-ijn-12-6503] Recently, several inorganic NPs, including silver, palladium (Pd), and gold, have been used as anticancer agents in various types of cancer cells.[@b20-ijn-12-6503]--[@b22-ijn-12-6503] Generally, studies that applied palladium nanoparticles (PdNPs) were mainly interested in hydrogen storage and sensing,[@b23-ijn-12-6503] catalysis,[@b24-ijn-12-6503] hydrogenation,[@b25-ijn-12-6503] oxidation,[@b26-ijn-12-6503] carbon--carbon bond formation,[@b27-ijn-12-6503] and fuel cells,[@b28-ijn-12-6503] but not cancer. Studies on the anticancer effects of PdNPs are very limited, and so far, there has been no report about the combinatorial effect of TUB-A and PdNPs on human breast cancer cells. Conventional adjuvant therapies such as radiotherapy and chemotherapy have had little beneficial effect in the advanced stage of cancer, with undesired side effects. Generally, monotherapy has been only partially effective on particular disease, whereas combination therapy could enhance tolerability because two compounds may be employed below their individual dose thresholds to minimize side effects. Therefore, the goal of this study was to use combination therapy that consists of two different cytotoxic agents with optimal doses that work by different mechanisms, which could thereby decrease the probability of chemoresistance. Based on this concept, this study was designed to address three main objectives: 1) the synthesis and characterization of PdNPs using a novel biomolecule, R-phycoerythrin (RPE); 2) evaluation of the efficacy of combined TUB-A and PdNPs treatment in human breast cancer cells; and 3) investigation of the cytotoxic mechanism of these two different agents.

Materials and methods
=====================

Materials
---------

Penicillin--streptomycin solution, trypsin--EDTA solution, RPMI-1640 medium, and 1% antibiotic--antimycotic solution were obtained from Life Technologies/Gibco (Grand Island, NY, USA). PdCl~2~ for the preparation of PdNPs, RPE, TUB-A, fetal bovine serum (FBS), and in vitro toxicology assay kit were purchased from Sigma-Aldrich (St Louis, MO, USA). All other chemicals were also purchased from Sigma-Aldrich unless otherwise stated.

Synthesis and characterization of PdNPs
---------------------------------------

PdNPs were prepared using RPE according to a previously described method with required modification.[@b21-ijn-12-6503] In a typical experiment, the reaction mixture was prepared by suspending 10 mL of RPE (4 μM) in 10 mL of sterile distilled water and this was mixed well for 5 min and then added to 90 mL of 1 mM PdCl~2~ solution in a 250 mL round bottom flask, which was mounted with a cooling condenser and a magnetic stir bar. The mixture was stirred for 2 h at 60°C with constant stirring. A reduction reaction occurred rapidly which was evidenced by a change in the color of the solution from light yellow to bright brown. After 2 h, the mixture was allowed to cool down followed by centrifugation (10,000 rpm). On washing the mixture three times with distilled water, a black powder was obtained, which was dried overnight in an oven at 80°C.

Characterization of PdNPs was performed according to a previously described method.[@b21-ijn-12-6503] Spectra of the synthesized PdNPs were recorded using a ultraviolet (UV)-visible spectrophotometer from 300 nm to 600 nm. X-ray diffraction (XRD) analyses were performed using a Bruker D8 Discover X-ray diffractometer (Bruker AXS GmBH, Karlsruhe, Germany). The X-ray source was 3 kW with a Cu target, and high-resolution XRD patterns were measured using a scintillation counter (*λ*=1.5406 Å). The XRD was run at 40 kV and 40 mA, and samples were recorded at 2θ values between 10° and 80°. The dried PdNPs powder was diluted with potassium bromide, Fourier transform infrared spectroscopy (FTIR; Perkin Elmer Inc., Waltham, MA, USA) was performed, and the spectra were recorded within a range of 500--4,000 cm^−1^. The particle size of dispersions was measured by a Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK). Transmission electron microscopy (TEM) was performed with a TEM Hitachi H-7500 to determine the size and morphology of PdNPs with images obtained at an accelerating voltage of 300 kV.

Cell culture
------------

MDA-MB-231 human breast cancer cells were obtained from Sigma-Aldrich and grown adherently and maintained in RPMI-1640 medium containing 10% FBS and 1% anti-biotic solution (penicillin plus streptomycin) at 37°C under 5% CO~2~. All experiments were performed in six-well plates, unless otherwise stated. Cells were seeded into the plates at a density of 1×10^6^ cells/well and incubated for 24 h prior to the experiments.

Cell viability assay
--------------------

The WST-8 assay was performed as described previously.[@b21-ijn-12-6503] Typically, 2×10^5^ cells/well were seeded into a 96-well plate and cultured in RPMI-1640 standard medium supplemented with 10% FBS at 37°C under 5% CO~2~. After 24 h, the cells were washed twice with 100 μL of serum-free RPMI-1640 and then incubated with 100 μL of medium containing TUB-A (2--20 μM) or PdNPs (2--20 μM) for 24 h. Cells not exposed to TUB-A or PdNPs served as controls. After 24 h of drug exposure, the cells were washed twice with serum-free RPMI-1640. Each well was then replenished with 100 μL of serum-free RPMI-1640, following which 15 μL of WST-8 solution was added. After 1 h of incubation at 37°C under 5% CO~2~, 80 μL of the mixture was transferred to another 96-well plate and the absorbance was measured at 450 nm using a microplate reader.

Cell morphology
---------------

MDA-MB-231 human breast cancer cells were plated in six-well plates (2×10^5^ cells/well) and incubated with TUB-A (20 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h. Cells cultured in medium without the addition of TUB-A or PdNPs were used as the control. At 24 h post-treatment, the morphology of the cells was examined under an Olympus IX71 microscope (Olympus Corporation, Tokyo, Japan), using appropriate filter sets.

HDAC activity
-------------

HDAC activity was analyzed according to a previously described method.[@b29-ijn-12-6503] MDA-MB-231 human breast cancer cells were treated with TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h. The cells were then washed with phosphate-buffered saline (PBS) and resuspended in five volumes of a lysis buffer (R&D Systems, Inc., Minneapolis, MN, USA). Next, the cells were harvested, and whole-cell protein was extracted using RIPA lysis buffer. Protein concentrations were determined with a bicinchoninic acid kit. Supernatant samples containing 20 μg of total protein were used for the determination of HDAC activity, which was measured using an HDAC Activity Assay Kit (Sigma-Aldrich) according to the manufacturer's instructions. The samples were added to each well of a 96-well microtiter plate together with HDAC substrate provided in the assay kit and incubated at 37°C for 1 h.

Cytotoxicity assay
------------------

The cell membrane integrity of human breast cancer cells was evaluated as described previously,[@b20-ijn-12-6503] by determining the release of lactate dehydrogenase (LDH) from the cells, using an in vitro toxicology assay kit (TOX7; Sigma-Aldrich) according to the manufacturer's instructions. In brief, the cells were exposed to TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h, and then the LDH content was measured.

The amount of ROS in the cells was also estimated according to a previously described method.[@b20-ijn-12-6503] The cancer cells were seeded into 24-well plates at a density of 5×10^4^ cells/well and cultured for 24 h. After washing twice with PBS, fresh medium containing TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) was added and the plates were incubated for 24 h. The cells were then supplemented with 20 μM 2′,7′-dichlorofluorescin diacetate (H~2~DCFDA), and incubated further for 30 min at 37°C. After rinsing the cells with PBS, 2 mL of PBS was added to each well, and the fluorescence intensity was determined using a spectrofluorometer (Gemini EM, Molecular Devices, Sunnyvale, CA, USA) with excitation at 485 nm and emission at 530 nm.

Measurement of oxidative stress markers
---------------------------------------

Assays for the oxidative stress markers malondialdehyde (MDA), glutathione (GSH), superoxide dismutase (SOD), and catalase (CAT) were performed using reagent kits (Sigma-Aldrich) according to the manufacturer's instructions. In brief, the cancer cells were cultured in 75 cm^2^ culture flasks and exposed to TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h. Following this, the cells were harvested in chilled PBS by scraping and then washed twice with 1× PBS at 4°C for 6 min at 1,500 rpm. The cell pellet was sonicated at 15 W for 10 s (3 cycles) to obtain a cell lysate, and the resultant supernatant was stored at −70°C until analysis.

Mitochondrial membrane potential
--------------------------------

The cells were cultured in 75 cm^2^ culture flasks and exposed to TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h. Then, ΔΨ~m~ was measured as described previously,[@b30-ijn-12-6503] using cationic fluorescent indicator JC-1 (Molecular Probes, Eugene, OR, USA). JC-1 is a lipophilic cation that, in a reaction driven by ΔΨ~m~ in normal polarized mitochondria, assembles into a red fluorescence-emitting dimer to form JC-1 aggregates. Cells were incubated with 10 μM JC-1 at 37°C for 15 min and then washed with and resuspended in PBS; after that, the fluorescence intensity was measured. The ΔΨ~m~ value was expressed as the ratio of the fluorescence intensity of the JC-1 aggregates to that of the monomers.

Measurement of caspase-3 activity and terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay
----------------------------------------------------------------------------------------------------------------

Measurement of caspase-3 and the TUNEL assay were performed according to previously described methods.[@b31-ijn-12-6503] The cancer cells were treated with TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h, with the addition of caspase-3 inhibitor for 24 h. The activity of caspase-3 in the cells was measured using a commercial kit (Sigma-Aldrich) according to the manufacturer's instructions.

For the TUNEL assay, cells were treated with TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h, and apoptosis was determined using a DNA Fragmentation Imaging Kit (Roche Diagnostics, Basel, Switzerland) according to the manufacturer's instructions. After the incubation period, the culture medium was aspirated and the cell layers were trypsinized. The trypsinized cells were reattached on 0.01% polylysine-coated slides, fixed with 4% methanol-free formaldehyde solution, and stained according to the manufacturer's instructions.

mRNA extraction and amplification
---------------------------------

Total RNA was extracted from cells treated with TUB-A (4 μM) or PdNPs (4 μM) or a combination of TUB-A (4 μM) and PdNPs (4 μM) for 24 h, using Arcturus PicoPure RNA isolation kit (eBioscience, San Diego, CA, USA), and samples were prepared according to the manufacturer's instructions. Quantitative reverse transcription polymerase chain reaction (qRT-PCR) was conducted using a Vill7 system (Applied Biosystems, Foster City, CA, USA) and SYBR Green as the double-stranded DNA-specific fluorescent dye (Applied Biosystems). Target gene expression levels were normalized to that of *GAPDH* expression, which was unaffected by treatment. The RT-PCR primer sets used are shown in [Table 1](#t1-ijn-12-6503){ref-type="table"}. Real-time RT-PCR was performed independently, in triplicates, for each of the different samples. The data are presented as the mean values of gene expression measured in treated samples versus the control.

Statistical analyses
--------------------

All assays were conducted in triplicates, and each experiment was repeated at least three times. The results represent the mean of at least three independent experiments (mean ± SD). Student's *t*-test or one-way analysis of variance followed by Tukey's test was applied for multiple comparisons, using Graph-Pad Prism software (GraphPad Software, San Diego, CA, USA). The differences were considered significant at *P*\<0.05.

Results and discussion
======================

Synthesis and characterization of PdNPs
---------------------------------------

The synthesis of PdNPs was performed at 60°C using an aqueous solution of PdCl~2~, with RPE as a reducing and stabilizing agent. The color of the aqueous PdCl~2~ solution changed gradually from light yellow to dark brown following the addition of RPE, indicating the formation of PdNPs.[@b21-ijn-12-6503] The UV-visible (Vis) spectrum of the aqueous PdCl~2~ solution showed a sharp and significant peak at 420 nm, and a broad continuous absorption was observed after the reduction reaction, which indicated the complete reduction of Pd(II) ions to PdNPs ([Figure 1A](#f1-ijn-12-6503){ref-type="fig"}). Previous reports have suggested that phycobiliproteins can be used to synthesize NPs. Synthesis of AgNPs was performed using *Spirulina platensis*, a blue-green microalgae (cyanobacteria) known to have phycobiliproteins.[@b32-ijn-12-6503],[@b33-ijn-12-6503] Bekasova et al[@b34-ijn-12-6503] demonstrated the synthesis of AgNPs using RPE extracted from the red alga *Callithamnion rubosum*. Our data are consistent with these publications suggesting that phycobiliproteins are able to reduce PdCl~2~. Taken together, these experiments suggest that protein-based pigments from cyanobacteria are able to mediate the formation of NPs in a non-toxic manner, because of the presence of amino acids, vitamins, and carbohydrates. Therefore, we explored the possibility of synthesis of PdNPs using RPE.

X-ray diffraction results showed four different peaks, which corresponded to reflections from the (111), (200), (220), and (311) planes of the face-centered cubic lattice, respectively ([Figure 1B](#f1-ijn-12-6503){ref-type="fig"}).[@b21-ijn-12-6503],[@b35-ijn-12-6503] As shown in [Figure 1C](#f1-ijn-12-6503){ref-type="fig"}, the major absorbance bands were observed at 3,314 and 1,635 cm^−1^, corresponding to the hydrogen-bonded hydroxyl (OH) and amide I groups, respectively. The bands found at 1,635 cm^−1^ could be due to the characteristic asymmetrical stretch of the carboxylate and carbonyl groups and the characteristic peaks of aromatic C--C stretching.[@b8-ijn-12-6503] The size distribution analysis showed the average size of the PdNPs to be 25 nm ([Figure 1D](#f1-ijn-12-6503){ref-type="fig"}). The mean particle size was found to be 25 nm. The polydispersity index and zeta potential (mV) of the PdNPs were 0.113 and −0.35 (mV), respectively. To determine size consistency, TEM images of the PdNPs were taken, which showed that all of the particles were spherical in shape, dispersed within a range of 10--60 nm, and had an average particle size of 25 nm ([Figure 1E and F](#f1-ijn-12-6503){ref-type="fig"}). The images matched the dynamic light scattering data significantly. Our results are consistent with those of previous studies that have reported the synthesis of PdNPs using several biological templates, including extracts of coffee and tea, leaf extracts of *Anacardium occidentale, Pulicaria glutinosa*, and *Evolvulus alsinoides*, and saponin.[@b8-ijn-12-6503],[@b21-ijn-12-6503],[@b35-ijn-12-6503]--[@b37-ijn-12-6503]

Effects of TUB-A and PdNPs on MDA-MB-231 human breast cancer cell viability
---------------------------------------------------------------------------

WST-8 assay was performed to investigate the cytotoxicity of TUB-A and PdNPs on human breast cancer cells. We first tested the cytotoxic effects of TUB-A and PdNPs, dose dependently. As shown in [Figure 2A](#f2-ijn-12-6503){ref-type="fig"}, significant cytotoxicity was observed from 2 to 20 μM concentrations of TUB-A, which showed an IC~50~ value of 8 μM for 24 h of treatment; when the concentration reached the highest level (10 μM), the level of toxicity was higher. Similarly, PdNPs exhibited cytotoxicity against human breast cancer cells with an IC~50~ value of 8 μM at 24 h ([Figure 2B](#f2-ijn-12-6503){ref-type="fig"}). Both TUB-A and PdNPs decreased the cell viability significantly in a dose-dependent manner. Recently, we reported the combinatorial effect of trichostatin A (TSA) and PdNPs in human breast cancer and HeLa cells, where the IC~50~ values were found to be 200 nM and 300 nM, respectively.[@b8-ijn-12-6503] The response of any cancer cell line to HDACIs depends on the nature of the HDACI, the concentration and time of exposure, and, importantly, the cell type.[@b38-ijn-12-6503] Chang et al[@b39-ijn-12-6503] studied the differential response of various types of cancer cell lines, including lung cancer, breast cancer, and melanoma cell lines. Their results showed distinct sensitivities of the cells to the pan-inhibitor TSA compared with the class 1 selective inhibitor depsipeptide. For instance, MCF7 cells responded differently to TSA than they did to depsipeptide. Collectively, the results from previous studies and our study conclude that the effect of HDACIs on cell viability depends merely on the type of inhibitor as well as the combination reagents. Furthermore, the effectiveness of NPs is dependent on the size, surface chemistry, shape, and type of reducing agents used for their synthesis. Therefore, exploring different sizes of particles derived from various reducing agents is essential for combinatorial therapy. Surprisingly, there are no reports on the effect of TUB-A in human breast cancer cells; therefore, it is necessary to study the effect of TUB-A alone or in combination with PdNPs in all types of cancer cells.

Effects of TUB-A in combination with PdNPs on MDA-MB-231 human breast cancer cell survival
------------------------------------------------------------------------------------------

To determine whether TUB-A interacts with PdNPs, the cytotoxic potency of the combinatorial treatment was measured. Cells were treated with various concentrations of TUB-A (4--10 μM) with 4 μM PdNPs or with various concentrations of PdNPs (4--10 μM) with 4 μM TUB-A. The increasing concentrations of TUB-A with 4 μM PdNPs significantly inhibited cell survival compared with each drug treatment alone ([Figure 3A](#f3-ijn-12-6503){ref-type="fig"}). Similarly, the increasing concentrations of PdNPs with fixed concentration of TUB-A had an effect comparable to that of increasing the TUB-A concentration, with higher concentrations of TUB-A and PdNPs causing a greater cytotoxic effect ([Figure 3B](#f3-ijn-12-6503){ref-type="fig"}). Notably, 4--10 μM concentration of TUB-A, in combination with 4 μM PdNPs, was particularly effective in inhibiting cell growth. Selection of a low dose of the two reagents is obviously a better strategy to improve anticancer activity and reduce undesired toxicity in cancer cells. Therefore, combinations with various concentrations of TUB-A and PdNPs were investigated to determine the lowest effective concentration of each reagent that would provide the maximum cytotoxic effects. It was established that the cytotoxicity of 4 μM TUB-A combined with 4 μM PdNPs was much more potent in inhibiting cell survival ([Figure 3A](#f3-ijn-12-6503){ref-type="fig"}) than either treatment alone. Therefore, the remaining experiments in cells were carried out with 4 μM of these two reagents, unless otherwise specified. Previous studies have reported that a combination of HDACIs, such as TSA combined with curcumin, produced significant anti-proliferative and apoptotic effects compared with either agent alone.[@b40-ijn-12-6503] The combination of quercetin and TSA significantly increased the cytotoxic effect in A549 cells,[@b41-ijn-12-6503] whereas that of TSA and PdNPs produced a significant inhibitory effect on cell survival and HDAC activity in HeLa cells.[@b8-ijn-12-6503]

Inhibitory effect of combined TUB-A and PdNPs treatment on cell viability and HDAC activity
-------------------------------------------------------------------------------------------

In order to determine the correlation between cell viability and HDAC activity, we first evaluated the combinatorial effect of TUB-A and PdNPs on cell viability and HDAC activity in MDA-MB-231 human breast cancer cells. MDA-MB-231 cells treated with TUB-A alone showed a 25% decrease in cell viability, compared with the untreated control, and treatment with PdNPs alone also resulted in a 25% decrease in cell viability relative to the control. On the other hand, the viability of cells treated with TUB-A and PdNPs combined decreased by 70% ([Figure 4A](#f4-ijn-12-6503){ref-type="fig"}). These results indicate and suggest a synergistic effect between TUB-A and PdNPs on MDA-MB-231 cytotoxicity. Zhang et al[@b42-ijn-12-6503] found that TSA in combination with cisplatin caused a significantly greater inhibitory effect on A549 cells than when given alone. Chao et al reported the potential benefit of vincristine in combination with TUB-A, where vincristine significantly enhanced the cytotoxicity of TUB-A in human acute T-cell lymphoblastic leukemia.[@b9-ijn-12-6503] Similarly, the combination of vincristine and suberoylanilide hydroxamic acid (SAHA) exhibited greater cytotoxicity (IC~50~, 0.88 nM) than that with each drug alone (IC~50~, 3.3 nM and 840 nM, respectively).

Next, we assessed the levels of HDAC activity in the MDA-MB-231 cell line using HDAC Activity Assay Kit. To determine the effect of single-drug or combinatorial drug treatment on HDAC activity in vitro, we treated MDA-MB-231 cells with TUB-A (4 μM) and PdNPs (4 μM), or a combination of both, for 24 h. As shown in [Figure 4B](#f4-ijn-12-6503){ref-type="fig"}, TUB-A treatment resulted in significant inhibition (*P*\<0.05) of HDAC activity as compared with untreated control cells, and its inhibitory effect was greater than that of PdNPs, indicating the specificity of HDACIs. Kaliszczak et al found that the novel small molecule hydroxamate preferentially inhibited HDAC6 activity and tumor growth.[@b43-ijn-12-6503] Singh et al reported that HDAC activity was significantly inhibited in both A549 and H1299 cells treated with honokiol.[@b44-ijn-12-6503] HeLa cells treated with TSA and PdNPs exhibited significant inhibition of HDAC activity.[@b8-ijn-12-6503] The results herein suggest that synthetic HDACIs such as TUB-A have promising therapeutic activity, especially in combination with PdNPs. Furthermore, our study provides evidence that the combination of TUB-A and PdNPs suppresses the levels of HDAC activity significantly in MDA-MB-231 cells.

Effect of combined TUB-A and PdNPs treatment on cell morphology
---------------------------------------------------------------

Morphological changes are an indicator of cell death. The cell morphology of MDA-MB-231 human breast cancer cells was performed after exposure to TUB-A or PdNPs or the combination of both and was studied by light microscopy. Cells exposed to TUB-A and PdNPs at concentrations of 4 μM for 24 h showed distinct morphological changes that indicated that they were unhealthy, whereas cells in the control group appeared normal ([Figure 5](#f5-ijn-12-6503){ref-type="fig"}). The cells exposed to reagents when given alone or in combination appeared to be fragmented and clumped together, exhibiting the severe morphological alterations that would eventually lead to cell death. In addition, the combinatorial treatment produced a higher degree of cell death, observed as cells detached from the plate and with more empty places in the plate. With the exception of the control cells, all the treated samples showed a decrease in the number of cells, particularly those treated with TUB-A and PdNPs combined. Cells became tiny and spherical in shape, forming clusters and eventually detaching from the surface (indicated as brackets in black color in [Figure 5](#f5-ijn-12-6503){ref-type="fig"}). A more pronounced inhibition of cell growth was observed in the combinatorial treatment. In another study, TSA or cisplatin alone or in combination led to marked morphological changes in A549 cells, such as chromatin condensation, nuclear fragmentation, and apoptotic bodies, which are characteristic features of apoptosis.[@b42-ijn-12-6503] A549 cells treated with either TSA or cisplatin became larger or finger-like, and the cell gap widened. When the cells were treated with TSA combined with cisplatin, the cell density decreased significantly and cell death increased obviously.[@b45-ijn-12-6503] Our results are consistent with earlier studies and confirm that the induction of apoptosis is mainly by features such as membrane blebbing, reduced and shrunken cells, condensed nuclei, and DNA fragmentation.[@b21-ijn-12-6503],[@b30-ijn-12-6503],[@b46-ijn-12-6503] Collectively, the preliminary data that TUB-A and PdNPs alter cellular morphology provide evidence for their cytotoxicity. The well-established morphological criteria, such as distinct cell shrinkage and membrane blebbing, strongly correlate with apoptotic changes, such as chromatin condensation, nuclear and cell fragmentation, and internucleosomal DNA cleavage.[@b47-ijn-12-6503] Collectively, these results indicate that cell detachment and loss of viability are attributable to the enhanced inhibitory activity of TUB-A and PdNPs combined in breast cancer cells.

Effect of combined TUB-A and PdNPs treatment on cytotoxicity in MDA-MB-231 human breast cancer cells
----------------------------------------------------------------------------------------------------

LDH leakage assay is crucial for the determination of cytotoxicity in any type of cells subjected to cytotoxic treatments. Therefore, we examined LDH leakage in MDA-MB-231 cells exposed to TUB-A or PdNPs or a combination of both. The results clearly suggest that both TUB-A- and PdNPs-treated cells showed significant LDH leakage, and the combination of both enhanced the leakage effect even more ([Figure 6A](#f6-ijn-12-6503){ref-type="fig"}). Previous studies also demonstrated that TSA alone increased LDH leakage in primary hepatic stellate cells.[@b48-ijn-12-6503] Recently, we observed that the combination of TSA and PdNPs increased LDH leakage over that of single-drug treatment in HeLa cells.[@b8-ijn-12-6503]

Carew et al reported that HDACI treatment results in ROS production.[@b49-ijn-12-6503] ROS are the ultimate key players of HDACI-induced apoptosis in cancer cells, and their generation plays an important role in HDACI-induced cell death.[@b50-ijn-12-6503] The role of TUB-A and the potentiation of PdNPs enhancement on ROS production are still not clear. Therefore, we investigated the ROS-related effects of these two drugs alone or in combination, on MDA-MB-231 cells for 24 h. The results revealed a pronounced increase in ROS levels, reflected by the oxidation-sensitive dye H~2~DCFDA. Significantly, TUB-A or PdNPs administered alone did induce the generation of ROS, but the combination of both showed a greater effect ([Figure 6B](#f6-ijn-12-6503){ref-type="fig"}). Vorinostat was shown to induce ROS and DNA damage in a number of tumor types.[@b51-ijn-12-6503] The present findings provide evidence that early TUB-A-mediated ROS generation plays a critical role in sensitizing human breast cancer cells to PdNPs-induced cell death. Our results are in line with previous studies that had demonstrated that ROS accumulation in transformed cells exposed to structurally diverse HDACIs, including vorinostat, TSA, sodium butyrate, MS275, and LAQ-824, is responsible for the lethality of these inhibitors.[@b8-ijn-12-6503],[@b52-ijn-12-6503]--[@b55-ijn-12-6503]

Effects of TUB-A and PdNPs on oxidative stress markers
------------------------------------------------------

Several studies have suggested that various types of NPs induce cytotoxicity in cancer cells via the production of ROS, which in turn leads to cellular damage and cell death.[@b21-ijn-12-6503],[@b31-ijn-12-6503] Oxidative stress refers to the imbalance between pro-oxidant and antioxidant levels in favor of pro-oxidants in cells and tissues, which could modify the status of several biomolecules, such as lipids, proteins, and DNA. Such modifications or damage to these molecules are called oxidative damage.[@b56-ijn-12-6503] Oxidative stress is a critical factor in HDACI-induced cell death.[@b57-ijn-12-6503] Biomarkers of oxidative stress could interact with ROS in the microenvironment and with molecules of the antioxidant system that change in response to increased redox stress. MDA is generated via peroxidation of polyunsaturated fatty acids.[@b58-ijn-12-6503] We determined the level of MDA in single-drug treatment as well as in combinatorial treatment of TUB-A and PdNPs in MDA-MB-231 cells ([Figure 7A](#f7-ijn-12-6503){ref-type="fig"}). The results clearly indicated that the combinatorial treatment had a more significant effect (2.7 nmol/mg of protein) on MDA-MB-231 cells than single treatment with either TUB-A (1 nmol/mg of protein) or PdNPs (1.7 nmol/mg of protein). Previous reports showed that HDACIs such as TSA and PdNPs induced a remarkable increase of MDA in human ovarian cancer and HeLa cells.[@b8-ijn-12-6503],[@b21-ijn-12-6503]

The changes in the intracellular GSH levels were likewise investigated by treating MDA-MB-231 cells with either TUB-A or PdNPs alone or in combination, where all treatments showed a decrease in GSH compared with untreated cells ([Figure 7B](#f7-ijn-12-6503){ref-type="fig"}). The single or combinatorial treatment also decreased the intracellular SOD and CAT levels ([Figure 7C and D](#f7-ijn-12-6503){ref-type="fig"}). Similarly, HeLa cells treated with suberoyl bishydroxamic acid (SBHA) and TSA showed a lower level of antioxidants.[@b8-ijn-12-6503],[@b59-ijn-12-6503] It is known that the intracellular GSH content has a decisive effect on anticancer drug-induced apoptosis, where apoptotic effects are inversely related to the GSH content.[@b60-ijn-12-6503]--[@b62-ijn-12-6503] Furthermore, You and Park clearly demonstrated that the reduction in GSH level is responsible not only for cell death but also for increased ROS levels in SBHA-treated HeLa cells.[@b59-ijn-12-6503] SBHA decreased the levels of CAT, Cu/ZnSOD, and especially MnSOD, the latter of which is located in mitochondria and catalyzes the dismutation of superoxide into oxygen and hydrogen peroxide.[@b59-ijn-12-6503],[@b63-ijn-12-6503] Similarly, Zhang et al[@b8-ijn-12-6503] observed decreased levels of GSH, SOD, and CAT in TSA-treated or combination of TSA and PdNPs--treated human cervical cancer cells.

Effects of combined TUB-A and PdNPs treatment on the MMP and caspase-3 activity
-------------------------------------------------------------------------------

Mitochondria play a crucial role in both the intrinsic and extrinsic apoptotic pathways.[@b9-ijn-12-6503] ATP synthesis is mainly carried out by the transmembrane electrochemical gradient produced by the mitochondrial respiratory chain, which is the vital site of ROS production and hence a major source of ROS.[@b64-ijn-12-6503] Dissipation of ΔΨ~m~ is believed to be a key upstream event during apoptosis. To test whether the TUB-A-/PdNPs-mediated apoptotic pathway is associated with mitochondrial function, changes in the mitochondrial transmembrane potential were assessed by applying a membrane-permeable lipophilic cationic dye. As shown in [Figure 8A](#f8-ijn-12-6503){ref-type="fig"}, treatment with TUB-A or PdNPs alone was sufficient to affect ΔΨ~m~, and this phenomenon was enhanced by the combinatorial treatment. It has been shown that HDACIs can induce apoptosis by several mechanisms in a variety of cancer cells. HDACIs induced mitochondrial membrane damage with concomitant cytochrome *c* release as well as apoptosis in a T-cell leukemia cell line and in various type I and type II endometrial cancers, including Ark2, Ishikawa, and AN3 cell lines.[@b65-ijn-12-6503],[@b66-ijn-12-6503]

As mentioned previously, HDACIs activate the mitochondrial apoptotic pathway by releasing cytochrome *c* from the mitochondrial intermembrane space and activating caspase-3.[@b67-ijn-12-6503] Therefore, to further characterize the specific apoptotic pathways activated by TUB-A and PdNPs, we measured caspase-3 activity in cells that were subjected to single or combined drug treatment for 24 h, in the presence or absence of a caspase-3 inhibitor. The combination of TUB-A and PdNPs induced a significantly higher level of caspase-3 activity than did the single-drug treatments. This indicated that the combinatorial treatment could promote caspase-3-mediated cell death ([Figure 8B](#f8-ijn-12-6503){ref-type="fig"}). SAHA alone also significantly induced caspase-3 expression in MDA-MB-231, but not MCF7, cells. Tumor necrosis factor--related apoptosis-inducing ligand (TRAIL) alone and combined TRAIL and SAHA treatment likewise significantly induced caspase-3 in MDA-MB-231 cells.[@b68-ijn-12-6503] Okada et al found that the combination of 5-fluorouracil and depsipeptide sensitized human colon cancer HCT-116, HT29, and SW48 cells toward apoptosis induction by caspase-3/-7 activation.[@b69-ijn-12-6503] Collectively, the present study and results from previous studies suggest that HDACIs like TUB-A potentiate the effects of PdNPs in caspase-3 activation, which is the underlying mechanism of the apoptosis effect. It clearly suggests that both TUB-A and PdNPs induce caspase-3-dependent apoptosis in MDA-MB-231 cells.

Induction of apoptosis in MDA-MB-231 cells by combined TUB-A and PdNPs treatment
--------------------------------------------------------------------------------

Caspases mainly drive apoptotic signaling and execute cell death. Chemotherapeutic agents and UV irradiation cause the release of mitochondrial cytochrome *c*, which then binds to apoptotic protease activating factor 1. This complex, along with adenine nucleotides, promotes caspase-9 autoactivation. The activated caspase-9 in turn activates executioner caspases, such as caspases-3, -6, and -7.[@b70-ijn-12-6503] Caspase-3 is the primary inducer of apoptotic internucleosomal DNA fragmentation.[@b71-ijn-12-6503] In order to determine the level of caspase-3-mediated DNA fragmentation in MDA-MB-231 cells, the cells were treated with TUB-A or PdNPs or a combination of both for 24 h, and then TUNEL assay was performed. The appearance of TUNEL-positive cells was more significant in the treated cells than in the untreated controls ([Figure 9](#f9-ijn-12-6503){ref-type="fig"}). Again, the combined drug treatment stimulated a greater level of apoptosis than the single-drug treatments. Our results are consistent with that of a previous study, in which TSA and sodium butyrate induced apoptosis in thymocytes in a concentration-dependent manner via DNA fragmentation, increased chromatin relaxation, and enhanced DNA accessibility.[@b72-ijn-12-6503] Kaliszczak et al found that the novel small molecule C1A could inhibit HDAC activity, induce apoptosis, and inhibit proliferation of a panel of human tumor cell lines, as well as activate caspase-3 expression in vivo with subsequent fragmented DNA staining (TUNEL) increases of six- and seven-fold.[@b43-ijn-12-6503] The HDACI honokiol inhibited the growth of both A549 and H1299 cells, and tumor cells from honokiol-treated mice were shown to undergo apoptotic cell death, as indicated by the TUNEL-positive cells as well as increases in the levels of pro-apoptotic Bax protein and cleaved caspase-3.[@b44-ijn-12-6503] A549 cells treated with the combination of TSA and cisplatin showed significantly more chromatin condensation, nuclear fragmentation, and apoptotic bodies than did cells in the single-drug treatment group.[@b45-ijn-12-6503] Altogether, these results suggest that combined TUB-A and PdNPs treatment induces cell death mediated by caspase activation and DNA fragmentation.

Effects of combined TUB-A and PdNPs treatment on the expression of apoptotic genes
----------------------------------------------------------------------------------

Generally, HDACIs could affect transcription by inducing acetylation of histones, transcription factors, and other proteins that regulate transcription.[@b73-ijn-12-6503]--[@b76-ijn-12-6503] HDACIs are known to activate both extrinsic and intrinsic apoptotic pathways, which are initiated through death receptors on the cell surface and through mitochondria, respectively. The intrinsic apoptotic pathway is the major pathway through which HDACIs induce cell death.[@b38-ijn-12-6503] Previously, several studies suggested that HDACIs could upregulate pro-apoptotic proteins of the Bcl-2 family (eg, Bim, Bmf, Bax, Bak, and Bik)[@b77-ijn-12-6503]--[@b79-ijn-12-6503] and downregulate anti-apoptotic proteins of the Bcl-2 family (eg, Bcl-2, Bcl-XL, Bcl-w, and Mcl-1).[@b78-ijn-12-6503]--[@b80-ijn-12-6503] To determine the effect of TUB-A or PdNPs or a combination of both on the expression of apoptotic and anti-apoptotic genes, we measured the expression levels of p53, Bax, Bak, Bcl-2, caspase-3, and caspase-9 using RT-PCR. TUB-A clearly upregulated p53, Bax, Bak, caspase-3, and caspase-9, whereas PdNPs were more effective in upregulating p53, Bax, Bak, Bcl-2, caspase-3, and caspase-9 ([Figure 10](#f10-ijn-12-6503){ref-type="fig"}). Interestingly, the combinatorial treatment showed a significant 3--4-fold higher effect in all the genes tested. It is known that in mitochondria, the release of mitochondrial intermembrane proteins, such as cytochrome *c*, apoptosis-inducing factor, and Smac, leads to the activation of caspases.[@b81-ijn-12-6503] However, the effects of HDACIs in increasing the pro-apoptotic proteins and decreasing the anti-apoptotic proteins are cell-type dependent.[@b79-ijn-12-6503] Xu et al found that the basal levels of both pro-and anti-apoptotic proteins were significantly different in different tumor cells, even in the same type of cancer.[@b79-ijn-12-6503] Our results are in line with a previous report that demonstrated the combination of SBHA and a proteasome inhibitor to significantly increase the expression of p53, Bax, Bcl-xS, and Bak protein levels and decrease the Bcl-2 level in MCF7 and MDA-MB-231 cells.[@b82-ijn-12-6503] Moreover, the human renal cell carcinoma line Caki, treated with TSA and TRAIL, showed increased expression of caspase-3, -8, and -9.[@b83-ijn-12-6503] Chao et al[@b9-ijn-12-6503] observed that when T-cell leukemic cells were treated with vincristine and SAHA combined, caspase-3 and -6 to -9 and poly (ADP-ribose) polymerase were synergistically induced, suggesting that the combinatorial treatment activates both the intrinsic and extrinsic apoptotic pathways. Overall, TUB-A-induced apoptosis was greatly enhanced in the presence of PdNPs, suggesting that apoptosis-inducing NPs like PdNPs play an important role in the efficacy of TUB-A. Interestingly, TUB-A enhanced PdNPs-induced cell death in the MDA-MB-231 human breast cancer cell line by regulating many pro-apoptotic genes, including *p53*, *Bax*, *Bak*, *Bcl-2*, *caspase-3*, and *caspase-9*.

Conclusion
==========

Because drug resistance is a common problem in cancer therapy, it is necessary to identify alternative therapeutic approaches for cancer. In this regard, combinatorial therapy is a suitable therapeutic strategy for minimizing drug resistance. To explore this option, we synthesized PdNPs, using the novel biomolecule RPE. The synthesized PdNPs were spherical in shape with an average size of 25 nm. We examined the effect of PdNPs in combination with TUB-A on MDA-MB-231 cells, using various cellular assays. The results obtained from this study suggest that the combination of TUB-A and PdNPs synergistically induces apoptosis by decreasing cell viability and inhibiting HDAC activity. Furthermore, the synergistic effect was more significant in cytotoxicity, loss of ΔΨ~m~, and increases of caspase-3 activity, DNA fragmentation, and expression of pro-apoptotic genes. The results from this study strongly suggest a strong synergistic interaction between PdNPs and TUB-A in human breast cancer cells. Collectively, our data suggest that the combination of TUB-A and PdNPs could provide a novel and effective and possible supplemental treatment for breast cancer patients. Therefore, this combination of PdNPs and TUB-A is of great promise in the treatment of breast cancer. The combination of PdNPs and TUB-A contains nanoparticles, and TUB-A could reduce toxicity, enhance efficacy, and overcome drug resistance and sustained treatment responses in cancer patients. However, further investigations are required to elucidate the molecular mechanism of apoptosis induced by TUB-A and PdNPs. Many parallel studies are also required to compare several HDACIs in combination with standard chemotherapies or targeted therapies to identify the most effective and safe combinations.
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![Synthesis and characterization of PdNPs.\
**Notes:** (**A**) Ultraviolet-visible spectra of PdNPs (blue) and PdCl~2~ (red). (**B**) X-ray diffraction pattern of PdNPs. (**C**) Fourier-transform infrared spectra of PdNPs. (**D**) Size distribution analysis of PdNPs by dynamic light scattering. (**E**) TEM images of PdNPs, (**F**) Size distributions based on TEM images of PdNPs, ranging from 10 nm to 60 nm.\
**Abbreviations:** PdNPs, palladium nanoparticles; PdCl~2~, palladium(II) chloride; TEM, transmission electron microscopy.](ijn-12-6503Fig1){#f1-ijn-12-6503}

![Dose-dependent effects of TUB-A and PdNPs on cell viability in MDA-MB-231 human breast cancer cells.\
**Notes:** MDA-MB-231 human breast cancer cells were incubated with various concentrations of (**A**) TUB-A (2--20 μM) and (**B**) PdNPs (2--20 μM) for 24 h. Cell viability was measured by WST-8 assay. The results are expressed as mean ± standard deviation of three separate experiments. The treated groups showed statistically significant differences from the control group, as determined by Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig2){#f2-ijn-12-6503}

![Effects of increasing concentrations of TUB-A or PdNPs on MDA-MB-231 human breast cancer cells viability.\
**Notes:** Human breast cancer cells were coincubated with (**A**) increasing concentrations of TUB-A (4--10 μM) with 4 μM PdNPs or (**B**) increasing concentrations of PdNPs (4--10 μM) with 4 μM TUB-A. The results are expressed as mean ± standard deviation of three separate experiments. The treated groups showed statistically significant differences from the control group, as determined by the Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig3){#f3-ijn-12-6503}

![Effects of combined TUB-A and PdNPs treatment on cell viability and HDAC activity in MDA-MB-231 human breast cancer cells.\
**Notes:** Human breast cancer cells were incubated with TUB-A (4 μM) and PdNPs (4 μM) or a combination of both (at 4 μM each) for 24 h. (**A**) Measurement of cell viability by WST-8 assay. (**B**) Measurement of HDAC activity. The results are expressed as mean ± standard deviation of three separate experiments. The treated groups showed statistically significant differences from the control group, as determined by Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles; HDAC, histone deacetylase.](ijn-12-6503Fig4){#f4-ijn-12-6503}

![Effects of TUB-A or PdNPs alone or in combination on cell morphology of MDA-MB-231 human breast cancer cells.\
**Notes:** Human breast cancer cells were incubated with TUB-A (4 μM) or PdNPs (4 μM) or a combination of both (at 4 μM each) for 24 h. Red arrows indicate that the detachment of cells from the surface. The treated cells were photographed under a light microscope (200 μm).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig5){#f5-ijn-12-6503}

![Cytotoxicity effects of TUB-A or PdNPs alone or in combination on MDA-MB-231 human breast cancer cells.\
**Notes:** The cells were treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h. (**A**) Lactate dehydrogenase (LDH) activity was measured at 490 nm, using LDH cytotoxicity kit (Sigma-Aldrich, St Louis, MO, USA). (**B**) Reactive oxygen species (ROS) was measured (as the relative fluorescence of 2′,7′-dichlorofluorescein) with a spectrofluorometer. The results are expressed as mean ± standard deviation of three separate experiments. The treated groups showed statistically significant differences from the control group, as determined by Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig6){#f6-ijn-12-6503}

![Effects of TUB-A, PdNPs, or a combination of both on oxidative stress markers in MDA-MB-231 human breast cancer cells.\
**Notes:** (**A**) The cells were treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h. After incubation, the cells were harvested, washed twice with ice-cold PBS, and then disrupted by ultrasonication for 5 min on ice. The concentration of malondialdehyde (MDA) was expressed as nanomole per milligram of protein. (**B**) The concentration of glutathione (GSH) was expressed as milligram per gram of protein. (**C**) The specific activity of superoxide dismutase (SOD) was expressed as unit per milligram of protein. (**D**) The specific activity of catalase (CAT) was expressed as unit per milligram of protein. The results are expressed as mean ± standard deviation of three independent experiments. The treated cells showed statistically significant differences from the untreated cells, as determined by the Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig7){#f7-ijn-12-6503}

![Effects of TUB-A, PdNPs, or a combination of both on the mitochondrial membrane potential and caspase-3 activity.\
**Notes:** The cells were treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h. (**A**) Determination of ΔΨ~m~ (ratio of JC-1 aggregate to monomer) in treated breast cancer cells. (**B**) Cells treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h, with and without caspase inhibitor. The concentration of P-nitroanilide released from the substrate was calculated from the absorbance at 405 nm. The results are expressed as mean ± standard deviation of three separate experiments. The treated groups showed statistically significant differences from the control group, as determined by Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig8){#f8-ijn-12-6503}

![Effects of TUB-A, PdNPs, or a combination of both on apoptosis.\
**Notes:** (**A**) The cells were treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h. Apoptosis was assessed by TUNEL assay; the nuclei were counterstained with DAPI. Representative images show apoptotic (fragmented) DNA (red stained) and the corresponding cell nuclei (blue stained). (**B**) The percentage of apoptosis was calculated in cells treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h using TUNEL. \**P*\<0.05.\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.](ijn-12-6503Fig9){#f9-ijn-12-6503}

![Effect of combined TUB-A and PdNPs treatment on the expression of apoptotic genes.\
**Notes:** The cells were treated with TUB-A (4 μM), PdNPs (4 μM), or a combination of both (at 4 μM each) for 24 h, and then the relative expression levels of pro-apoptotic and anti-apoptotic genes were analyzed by qRT-PCR. The results are expressed as mean ± standard deviation of three separate experiments. The treatment groups showed statistically significant differences from the control group, as determined by Student's *t*-test (\**P*\<0.05).\
**Abbreviations:** Con, control; TUB-A, tubastatin-A; PdNPs, palladium nanoparticles.](ijn-12-6503Fig10){#f10-ijn-12-6503}

###### 

Primers used for quantitative real time reverse transcription polymerase chain reaction for the analysis of apoptotic, and anti-apoptotic, gene expression

  Serial number   Gene                            Direction   Primers (5′-3′)
  --------------- ------------------------------- ----------- -------------------------------
  1               *Bax*                           F           GAG AGG TCT TTT TCC GAG TGG
  R               GGA GGA AGT CCA ATG TCC AG                  
  2               *p53*                           F           AGG AAA TTT GCG TGT GGA GTA T
  R               TCC GTC CCA GTA GAT TAC CAC T               
  3               *Bak*                           F           CTC AGA GTT CCA GAC CAT GTT G
  R               CAT GCT GGT AGA CGT GTA GGG                 
  4               *CAS-3*                         F           CAT ACT CCA CAG CAC CTG GTT A
  R               ACT CAA ATT CTG TTG CCA CCT T               
  5               *CAS-9*                         F           ACT TTC CCA GGT TTT GTT TCC T
  R               GAA ATT AAA GCA ACC AGG CAT C               
  6               *Bcl-2*                         F           CTG AGT ACC TGA ACC GGC A
  R               GAG AAA TCA AAC AGA GGC CG                  

**Abbreviations:** F, forward; R, reverse.
